Purpose: To test the feasibility of measuring the entire thickness profiles of the epithelium and contact lens (CL) in vivo, using high-speed and highresolution spectral-domain optical coherence tomography (SD-OCT). Methods: A custom-built, long scan depth SD-OCT was developed based on a complementary metal oxide semiconductor (CMOS) camera, and the axial resolution was approximately 5.1 mm in tissue. Five eyes of five subjects were imaged twice across the horizontal meridian before and while wearing one CL. Semiautomatic measurement was done to yield the entire thickness profiles of the epithelium, total cornea, and CL after correcting for optical distortion. Results: The full width and depth of the epithelium, ocular surface, and CL were clearly visualized. The epithelial thickness at the center was 51.963.5 mm; it remained at this thickness across the central 7 mm diameter and then increased at both temporal and nasal peripheries. The CL profile showed the thinnest point at the center with thickness of 100.364.9 mm. The thickness increased toward the midperiphery and then decreased at the edge.
T he epithelium is critical in maintaining corneal power and corneal surface smoothness. 1 Previous studies have well documented the central epithelial thickness (ET) using different methods. [2] [3] [4] However, thickness information for the central epithelium only may not be sufficient for some investigations or procedures, such as epithelial reshaping after orthokeratology and the epithelial response after contact lens (CL) wearing. 5, 6 The accurate assessment of the total epithelium, including the center and periphery, is useful for evaluating the severity of ocular surface disease. 7, 8 Some researchers have divided the cornea into different zones and investigated the ET at each region across the cornea. [9] [10] [11] Unlike the posterior segment of eye with some landmarks such as retinal vessel branching, there are no similar marks currently for the cornea for stitching separated acquired images. Therefore, correctly registering the full width and depth of the epithelium using a montage of multiple images may be difficult. The exact location of the midperiphery and periphery may be different for each subject, which may result in errors when comparing different subjects. Measuring the same location for serial visits was also impossible. Digital ultrasound has been reported to be used for imaging the epithelial map, 8, 12 but it requires touching the eye and may not be suitable for the early postoperative period. Because of the lack of a large scan width, long scan depth, and high resolution, imaging the entire epithelium from edge to edge using spectraldomain optical coherence tomography (SD-OCT) is difficult.
Different materials and designs of CLs may have unique fitting characteristics that will affect ocular comfort and ocular health. After insertion into the eye, a soft CL is reshaped according to the ocular shape, and therefore the actual profile of a soft CL in vivo may be different from the profile in vitro. The clinical fitting performance of a soft CL is assessed mainly by slitlamp biomicroscopy or quantified by video capture. 13, 14 However, both methods give limited information on the interaction between the lens and ocular surface. Cui et al. 15 and Shen et al. 16 evaluated the movement of the CL and edge fitting using OCT. The diameter of a soft CL is approximately 14 mm, and the lenses cover the limbus on the eye. To image the whole CL in vivo, a scan width of at least 14 mm and scan depth of approximately 4 mm is needed. We previously reported an extended SD-OCT, which is suitable for imaging the entire ocular surface, but the entire CL was only visualized after using the contrast enhancement agent. 17 The relationship between the CL and ocular surface may change after using the enhancer. Improved from our previous system, we recently developed a long scan depth SD-OCT based on a complementary metal oxide semiconductor (CMOS) camera, the aim of this study was to demonstrate the feasibility of measuring the entire thickness profiles of the epithelium and CL in vivo using this high speed, high-resolution OCT.
SUBJECTS AND METHODS

Subjects
The study was approved by the University of Miami review board, and written informed consent was obtained from each subject. All subjects were treated in accordance with the tenets of the Declaration of Helsinki. Each subject was free of ocular diseases or systemic diseases.
CMOS-Based OCT
To detect the entire profiles of the epithelium and CL, a custombuilt SD-OCT was developed with a high acquisition speed of up to 70,000 A-lines per second. A superluminescent diode light source (IPSDD0808; InPhenix, Livermore, CA) with a full width at half maximum bandwidths of 50 nm, centered at 840 nm, was used to provide low coherence light. The light was coupled with a fiber-based Michelson interferometer after passing through a fiber-pigtailed isolator. It split the light into the reference and sample arms by a 50:50 fiber coupler. A telecentric light delivery system that was driven by an X-Y galvanometer scanner design and video viewing system were coaxially aligned and mounted with a modified slitlamp. The power of the incident light was 1.307 mW, which was a safe level of exposure to the eye. 18 A spectrometer based on a CMOS camera (Basler sprint spL4096-140k; 4096 pixels; Basler AG, Germany), an achromatic imaging lens (f = 210 mm), and a 1,800line/mm transmission grating (Wasatch Photonics, Logan, UT) was used to detect the reference and sample light. The images captured by the camera were delivered to a computer workstation for display and processing. Software was custom developed in Labview (National Instrument, Austin, TX) to control the instrument during measurements and to provide data acquisition. The calculated spectral resolution of the spectrometer was 0.017 nm, 19 corresponding to a scan depth of 10.4 mm in air. The measured axial resolution of the OCT system for 4,096 pixels was 7.0 mm in air and 5.1 mm in tissue, assuming the refractive index was 1.38. The ideal axial resolution determined by the light source in air is 6.3 mm. 20
Experimental Procedure and Image Analysis
In 5 subjects (4 men and 1 woman, mean age: 35.069.8 years), 5 eyes were imaged twice across the horizontal meridian before and while wearing 1 CL (PureVision; Bausch & Lomb, Rochester, NY). The base curve of the CL was 8.3 mm with a spherical diopter (D) of -3.00 D and had been on the eye for 5 minutes at time of imaging. During imaging, the subjects were asked to look straight ahead to an external central target. The live image was aligned in both the X and Y meridians, 21 and acquisition occurred when the light was at the corneal apex in both directions. Horizontal scan widths of 12.82 and 18.00 mm were set to image the epithelium and ocular surface in a single B-scan, respectively. The acquisition rate was set at 35,000 A-lines per second, and the zero-delay plane was placed in front of the cornea. The scan width was set to 16.32 mm for the CL. The acquisition rate was set at 10,000 A-lines per second with the zero delay near the depth of the iris for the CL. The image size was 4,096 pixels · 4,096 pixels.
Custom software (J-OCT-1, version 1.0) was used for image processing as described in a previous study. 22 Briefly, a small square "locked on" to the nearest peak for the cursor to locate points of interest on the surface; when several points were entered along the surface, the software curve fitted an appropriate radius between the points to describe the intermediate points. The boundaries of each layer were semiautomatically detected by this software. After correcting for optical distortion, 23 refractive indices of 1.401 and 1.389 were used to calculate the entire thickness profiles of the epithelium and total cornea, respectively. 24, 25 The refractive index of 1.426 according to the manufacturer was used to yield the thickness profile of the CL.
To compare the image quality with that in previous study, each subject was also imaged with the same custom-built extended scan depth OCT (EX-OCT) that had been used in our earlier study. 17 In the spectrometer, a charge-coupled device camera (Aviiva-SM2010; 2,048 pixels; Atmel, e2v, Inc., Elmsford, NY) was used. The measured axial resolution of this system was 10.4 mm in air, and the scan depth was 7.3 mm in air. The acquisition rate of the EX-OCT was set at 12,000 A-lines per second. The same scan widths were used for the epithelium, cornea, and CL images. The image size was 2,048 pixels · 2,048 pixels. The data were presented as the means6standard deviation (SD). The repeatability of each thickness layer was expressed as a SD of the difference between two measurements for the same subject.
RESULTS
The full width and depth of the epithelium and ocular surface were clearly visualized with CMOS-based OCT system (Fig. 1B) . The mean ET at the center was 51.963.5 mm, and it remained at this thickness across the central approximately 7 mm diameter and then increased at both the temporal and nasal peripheries (Table 1, Fig. 2 ). The overall repeatability of ET was 2.561.0 mm. The repeatability of ET at the center was better than that in the peripheral zone ( Table 2) . Bowman's layer at the center was clearly visualized by this OCT system (Fig. 1C) . In contrast, using EX-OCT, only the center and midperiphery of the epithelium were visualized, the periphery of the epithelium and Bowman's layer were not clear (Fig. 1E ). Using EX-OCT, the visualized epithelial diameter ranged from 5.0 to 9.3 mm among 5 subjects, the mean ET at the center was 49.864.5 mm, and the overall repeatability of ET was 10.5613.8 mm. The total corneal thickness (CT) increased gradually from the center to the periphery ( Table 1 , Figs. 2 and 3) . The repeatability of the CT was 3.9 mm at the center and 19.0 mm at the periphery using CMOS-based OCT. The repeatability of the CT was 2.2 mm at the center and 15.7 mm at the periphery using EX-OCT. The entire CL from edge to edge in vivo was clearly visualized using CMOS-based OCT system (Fig. 4A ). The mean CLT profile showed the thinnest point at the center was 100.364.9 mm. The thickness increased toward the midperiphery and then decreased at the edge (Table1, Fig. 2) . Overall, the repeatability was 7.263.1 mm. In contrast, the edge of the CL was not available in the EX-OCT image (Fig. 4C ). Using EX-OCT, the visualized CL diameter ranged from 5.7 to 8.9 mm among 5 subjects, and the mean CLT at the center was 97.168.0 mm. Overall, the repeatability of visualized CLT was 12.1617.2 mm.
DISCUSSION
Theoretical axial resolution of the OCT system is determined by the central wavelength and spectral width of the light source. 20 The same light source was used for CMOS-based OCT and EX-OCT in this study, and thus the theoretical axial resolution is the same (6.3 mm in air). In fact, CMOS has the full spectrum projected on the 4,096 camera pixels, whereas EX-OCT truncates the spectrum projected on the 2,048 camera pixels, which causes the axial resolution and sensitivity to decrease together. As a consequence, the measured axial resolutions of CMOS-based OCT and EX-OCT were 7.0 and 10.4 mm in air, respectively. 21 Bowman's layer was clearly visualized with CMOS-based OCT but not clear in the image obtained by EX-OCT. The visualization of Bowman's layer may indicate that the image is of high quality, which is correlated with the axial resolution. Grulkowski et al. 26 suggested that CMOS can improve the sensitivity roll-off performance, which was in agreement with this study.
The sensitivity drop is an inevitable defect in SD-OCT, with the sensitivity and resolution decreasing as the scan depth increases. Below the half image depth, it was difficult to visualize the epithelium. Ge et al. 22 developed an automated image-processing algorithm to detect the central ET and found that the algorithm failed for images located below the middle image depth. Although the whole scan depth of this system was 10.4 mm, only half image depth was needed for imaging the entire epithelium; therefore, the region with the best signal has been used. To achieve ultrahigh resolution for the entire epithelial images, a shallow scan depth OCT system with a broadband light source will be developed in the future. Some methods, such as complex conjugate image removal and switchable reference arm (overlapping 2 images when the zero-delay line was alternatively placed on the top or the bottom of the images), may also improve the signal-to-noise ratio (SNR) for the entire epithelium and CL. 26, 27 Although the human eye may move during OCT imaging, high speed minimizes the motion artifacts, and thus the speed is important in the OCT system for good repeatability. The CMOSbased OCT has a high speed that allows the image to be obtained in short time. For EX-OCT, at least 83 milliseconds are required to obtain 1 epithelial image consisting of 2,048 pixels, and the axial motion of the eye can be 25 mm during this period. 28 However, only 58 milliseconds are required to obtain 1 B-scan image of the epithelium consisting of 4,096 pixels in CMOS-based OCT. The speed will be critical for 3D scan in future studies.
Good repeatability is a key point for precise measurement and reliably monitoring in normal and diseased conditions. To validate our new system with the improved speed and more camera pixels for sensing the full bandwidth of the light source, we compared the image quality and repeatability between two OCT systems. The repeatability of total CT was similar with two OCT systems, whereas the repeatability of ET and CL thickness was better with the CMOS-based OCT than the EX-OCT. Ge et al. 29 evaluated the repeatability of ET among three OCT devices with different axial resolutions and found that the axial resolution may affect the repeatability of the ET measurement. High resolution might increase the capability to determine the layer boundaries, which is in agreement with this study. The repeatability of ET and total CT in this study was slightly larger than our previous study, 29 which may be because of small sample size in this study. The repeatability at the periphery was greater than that at the center, the main possible reason was the SNR gradually decreased as the image depth increased. From the zero-delay plane (near the corneal center) to the limbal-scleral regions, the SNR decreased by 16 dB in CMOS-based OCT (3.5 mm depth). The decreased SNR caused the decrease of boundary contrast, which may decrease the precision in the detection of the location of the front and back surfaces, thus impacting the precision of the measurement. 21 The slightly poor repeatability of CL at the periphery may be explained by the lens decentration during measurement, and further improvement with 3D scan may solve the problem.
This study demonstrated the use of a high-resolution CMOSbased SD-OCT for the measurement of the thickness profile of the entire epithelium in one image. Using EX-OCT, the periphery of epithelium was not clear, and only partial width of the ET was analyzed with EX-OCT. Grulkowski et al. 26 represented an image of entire cornea and magnified to show the central epithelium. We are not sure if they can outline the entire epithelium because they did not mention it. In this study, the entire epithelium was visualized for each subject. The ET at the center in this study was 51.963.5 mm, which is within the range of previous studies. 3, 9 It remained at this thickness across the central approximately 7 mm diameter and then increased at both the temporal and nasal peripheries. This uneven trend is in agreement with the study by Reinstein et al. 30 but different from the study by Wang et al. 31 Different resolutions and locations may explain this trend. Schmoll et al. 32 and Li et al. 4 have measured the central epithelium with semiautomatic or automatic methods, and this study demonstrated the capability to measure the entire epithelium using a semiautomatic method. Further development will be needed to extend the scanning from 2D to 3D with a robust automatic image-processing ability.
Most soft CLs cover the limbus onto the sclera by approximately 1 mm all around, and the lenses need to have the greatest flexibility to fit the ocular surface at the limbus. The objective evaluation of the fullrange CL fitting may help the understanding of the ocular surface shape and its interaction with the soft CL in vivo. Grulkowski et al. 26 presented an image of the soft CL on the eye containing 15,000 A-scans. This study demonstrated the feasibility of measuring the entire thickness profile of the CL in vivo, containing 4,096 A-scans, using OCT, which means less time to acquire 1 CL image than the former study. Shen et al. 17 imaged the entire CL using EX-OCT with a lubricant eye drop, the relationship between the CL and ocular surface may change after using such an enhancement. In contrast, we imaged the CL in the natural state, and this method may more accurately reflect the actual relationship between the CL and ocular surface. With this high-resolution CMOS-based OCT, imaging the entire epithelium and cornea for studying the corneal response to CL wear without removing the lens is now possible. The technology for evaluating the entire CL thickness profile demonstrated in this study may open a new era for improving the design and fitting of the lens. The relationships between the ocular surface and overall fitting characteristics of different types of CLs in vivo may be explored in further studies.
In conclusion, this pilot study demonstrated the feasibility of using high-speed CMOS-based OCT to evaluate the entire thickness profiles of the epithelium and CL in vivo. This method may be applied in the field of CL design and fitting. Further work will involve the development of the automatic segmentation of the entire epithelium and CL in 3D maps.
